A novel, sensitive and selective adsorptive stripping procedure for simultaneous determination of copper, bismuth and lead is presented. The method is based on the adsorptive accumulation of thymolphthalexone (TPN) complexes of these elements onto a hanging mercury drop electrode, followed by reduction of adsorbed species by voltammetric scan using differential pulse modulation. The influences of control variables on the sensitivity of the proposed method for the simultaneous determination of copper, lead and bismuth were studied using the Derringer desirability function. The optimum analytical conditions were found to be TPN concentration of 4.0 μM, pH of 9.0, and accumulation potential at -800 mV vs. Ag/AgCl with an accumulation time of 80 s. The peak currents are proportional to the concentration of copper, bismuth and lead over the 0.4 -300, 1 -200 and 1 -100 ng mL -1 ranges with detection limits of 0.4, 0.8 and 0.7 ng mL -1 , respectively. The procedure was applied to the simultaneous determination of copper, bismuth and lead in the tap water and some synthetic samples with satisfactory results.
There is a growing necessity to measure several analytes simultaneously in the same sample in various fields like environmental analysis and industrial control. Therefore, the development of simple, inexpensive, and easily handled procedures with the ability of multi-element analysis for trace metal monitoring in real samples is urgently needed for quality assessments. Typical simultaneous trace metal analyses have been based on chromatography, 1,2 continuous flow analysis, 3 Xray fluorescence spectrometry, 4 inductively coupled plasma atomic emission spectroscopy, 5 inductively coupled plasma mass spectrometry 6 and anodic stripping voltammetry. 7, 8 Owing to its remarkable sensitivity and compact instrumentation, stripping analysis has become a powerful tool in trace and field measurements of trace metals. Adsorptive stripping voltammetry, which is based on adsorptive rather than electrolytic accumulation of metal chelates, is becoming a widely accepted analytical tool, because this method extends the scope of stripping analysis toward additional trace metal ion analysis within the electrolytic stripping analysis. [9] [10] [11] [12] [13] [14] [15] While offering high sensitivity and low detection limits, adsorptive stripping voltammetry is usually a single-element technique. Efforts for developing multi-element adsorptive stripping procedures are proceeding in two directions. One approach involves the use of mixed-ligand solutions, [16] [17] [18] while the second approach is based on the use of more universal ligands. [19] [20] [21] [22] [23] [24] Both options involve the formation of multiple adsorbent complexes of the target metals and rely on a proper resolution of the complex reduction peaks.
Copper, bismuth and lead are important elements in the environment and they have essential roles in different biological systems. Lead is widely distributed in nature and exhibits severely deleterious effects on humans. 25 In particular, it strongly affects the mental and physical development of children. Copper is an essential element for the normal metabolism of many living organisms. It is a constituent of numerous proteins and enzymes. Bismuth has been used in medicines for the treatment of helicobacter pyloric-induced gastritis. 26, 27 Bismuth and its compounds are also used in semiconductors, cosmetics preparations, alloys and metallurgical additives and in the preparation and recycling of uranium nuclear fuels. 28 The main problem in the simultaneous determination of copper and bismuth by the anodic stripping voltammetry (ASV) method is that the oxidation peak potentials of these elements are near the oxidation potential of mercury. This means that a significant current due to the oxidation of the mercury electrode is typically superimposed on the bismuth and copper stripping signals. In addition, the accuracy of the measurements is adversely affected by the formation of intermetallic compounds. Another problem is that the anodic stripping voltammograms of copper and bismuth greatly overlap. These facts imply that accurate determination of copper and bismuth in the presence of each other is not possible by the ASV method. There is a report on determination of bismuth in the presence of copper based on selective accumulation of bismuth onto the surface of a chemically modified electrode containing 1-(2-pyridylazo)-2-naphtol. 29 In order to achieve high sensitivity, the researcher had to add an excess amount of iodide to the medium to get rid of interfering copper in solution. However, determination of copper in such a condition was not possible. There is only one report on the simultaneous determination of lead, copper and bismuth by the stripping voltammetric method. 30 The method is based on the adsorptive stripping voltammetry in the presence of resorcinol. However, the method is not very sensitive and considerable interference is observed between bismuth and copper.
This paper describes a sensitive and selective adsorptive stripping voltammetric procedure for the simultaneous determinations of copper, bismuth and lead. The method is based on the effective accumulation of the copper(II), bismuth(III) and lead(II) complexes with 3,3′-bis[N,N-di-(carboxymethyl)aminomethyl]thymolphthalein (thymolphthalexone, TPN) ligand ( Fig. 1 ) in ammonia buffer on a hanging mercury drop electrode. The adsorbed complexes are then reduced using the differential pulse voltammetry method. The influence of variables on the peak current was studied by a multicriteria decision-making approach. Derringer functions were used as response functions to optimize the sensitivity of the proposed method toward copper, lead and bismuth, simultaneously.
Experimental

Reagents and solutions
All reagents were of analytical grade; they were obtained from Merck. All solutions were prepared from purified water by deionization and reverse osmosis method. A 1.0 × 10 -3 M thymolphthalexone was prepared daily by dissolving 0.0072 g of TPN in 2 mL sodium hydroxide 1 M; then the solution volume adjusted to 10 mL using purified water. Metal ion stock solutions (1000 mg L -1 ) were prepared by dissolving 0.3969 g of hydrated copper(II) sulfate (CuSO4·5H2O) and 0.1615 g of lead(II) nitrate [Pb(NO3)2] in 100 mL of water separately. The bismuth stock solution was prepared by dissolving 0.2320 g of hydrated bismuth(III) nitrate [Bi(NO3)3·5H2O] salts in 10 mL of 1.0 M nitric acid and diluting to 100 mL with purified water. Ammonia buffer was prepared initially by dissolving 7.5 mL of concentrated ammonia solution in water and diluting to 1.0 L (0.1 mol L -1 ) in a volumetric flask. Appropriate volumes of this solution were adjusted to pH 9.0 with hydrochloric acid solution.
Apparatus
Differential pulse voltammograms were obtained using an Autolab PGSTAT 30 Potentiostat Galvanostat (EcoChemie, The Netherlands) coupled with a 663 VA stand (Metrohm, Switzerland). The electrochemical cell was constructed of a multi mode electrode (MME, Metrohm) using a hanging mercury drop electrode (HMDE) as a working electrode, a platinum auxiliary electrode and Ag | AgCl | 3 M KCl as the reference electrode.
Differential pulse (DP) voltammetry experiments were carried out with a pulse amplitude of 50 mV, a scan rate of 20 mV s -1 and a pulse interval of 0.3 s. All pH measurements were performed with a Metrohm 744 pH meter using a combined glass electrode.
General procedure
The general procedure used to obtain cathodic adsorptive stripping voltammograms was as follows. Each sample solution (10 mL) containing 4 μmol L -1 TPN and ammonia buffer (pH 9) was pipetted into a voltammetric cell; then an appropriate amount of analyte was added to the solution. The stirrer was switched on and the solution was purged with nitrogen gas for 5 min. The accumulation potential (-800 mV) was applied to a fresh HMDE for 80 s while stirring the solution. Following the accumulation period, the stirrer was stopped, and after 10 s quiescence time, the voltammogram was recorded by applying a negative going differential pulse scan from -0.15 to -0.65 V. The amounts of Cu 2+ , Bi 3+ and Pb 2+ were obtained using corresponding peak heights and drawing calibration curves.
The electrochemical cell was thoroughly cleaned by soaking in hot 1:1 HNO3 solution for about 5 min and rinsed thoroughly with distilled water before running experiments. All containers were cleaned as mentioned and then stored in 5% HNO3 solution. (Fig. 2c ) and after 80 s accumulation time (Fig. 2d) are also shown. The reduction peak potentials for copper, bismuth and lead complexes are -0.25, -0.45 and -0.56 V, respectively, as shown in Fig. 2d .
Results and Discussion
As illustrated in Fig. 2 , the sensitivity of copper, bismuth and lead reduction currents enhanced due to the addition of TPN ligand to the solution. These responses increased when an 956 ANALYTICAL SCIENCES JULY 2006, VOL. 22 accumulation time preceded the potential scan. These reduction currents increased linearly with increasing metal concentrations. The fact that the metal reduction currents increased due to addition of TPN ligand to the solution and the dependence of peak current on the accumulation time indicate that the metal-TPN complexes were adsorbed on the surface of electrode.
Optimization of analytical parameters
When several responses are evaluated in an experimental design it is unlikely that the optimum points reached individually for each factor coincide in all the cases. Faced with this situation, it is necessary to look for a compromise zone where all the experimental responses fulfill the specifications imposed by the researcher to achieve the aims proposed. In our case, the objective is to achieve maximum sensitivities for the simultaneous determination of three target analytes. This problem, known in the literature as multi-criteria optimization, can be approached with the preference-based procedure thought up by Harrington 31 and extended by Derringer and Suich. 32 Harrington proposed to scale the values of the criteria between 0 (unacceptable) and 1 (optimal). These values are then called desirabilities. Derringer and Suich adapted this as follows:
Letter y is the criteria to be optimized and d is the value for individual criteria. The global desirability D is then obtained as
In this work, the effects of various parameters such as pH, accumulation potential, accumulation time, and TPN concentration on the sensitivity of the procedure for the determination of lead (SPb), bismuth (SBi) and copper (SCu) were studied. Derringer functions were used as response function to optimize the procedure for simultaneous determination of these three target analytes. Based on the preliminary experiments, a desirability function was constructed for each response, SPb, SCu and SBi. The overall desirability function was obtained by multiplying together the individual desirability functions.
Effect of pH
The initial experiments revealed that the TPN ligand in alkaline ammonia media shows the lowest background current and also such voltammograms are more repeatable. Therefore the alkaline media were chosen for further experiments.
The influences of pH on the cathodic stripping peak currents of copper, bismuth and lead, were studied in the pH range of 8 to 11.5 (Fig. 3) . It was found that over a pH range of 8 to 9 the peak current of the lead complex increased by increasing pH and then decreased by changing pH from 9 to 11.5. The peak current of copper decreased with increasing pH from 8 to 11.5. The peak current of bismuth showed a slight change on increasing pH from 8 to 11.5. The highest value for the Derringer function was obtained at pH 9. Thus a pH of 9.0 was chosen for further studies.
Effect of accumulation potential
The effects of accumulation potential on the peak currents of copper, bismuth and lead were examined over the range +200 to -1200 mV. In the potential range of 200 mV to -400 mV, Fig.  4 shows that the peak current for copper complex increased and then it leveled off by increasing the potential toward more negative potentials. The peak currents for lead and bismuth slightly increased during the potential sweep from 200 mV toward -800 mV. The highest peak current for lead was observed at -800 mV. By changing the potential from -800 mV toward -1200 mV one finds that the peak currents for lead and bismuth start to decrease slowly. The variation of the global desirability function versus accumulation potential is also shown in Fig. 4 . This function reaches to its maximum at an accumulation potential of -800 mV. Thus, an accumulation potential of -800 mV was selected as optimum accumulation potential. At this potential it is proposed that the copper, bismuth and lead ions were reduced to the corresponding metallic form and amalgamated into the Hg drop. However it is likely that the oxidation of amalgamated copper, bismuth and lead to the corresponding ions occur at the initial potential of the voltammetric scan (-0.15 V) during the equilibration period. In the presence of TPN ligand, the Cu 2+ , Bi 3+ and Pb 2+ ions diffuse out of the Hg drop. They are immediately retained at its surface by complexation with the ligand in the adsorption layer, where they are reduced during the cathodic sweep (Fig. 2d) . Similar behavior was reported previously. 20, [33] [34] [35] It should be noted that, in the absence of TPN ligand, low cathodic stripping peak current densities for Cu 2+ , Bi 3+ and Pb 2+ ions were observed (Fig. 2b) .
Effect of TPN concentration
The effect of TPN ligand concentration on the sensitivity of proposed method was also studied. The obtained results (Fig. 5) show that the cathodic stripping peak currents of Cu-, and Bi-TPN complexes were improved by increasing the TPN concentration up to 4.0 μmol L -1 , and then they level off at 957 ANALYTICAL SCIENCES JULY 2006, VOL. 22 Fig. 3 Variation of desirability function and cathodic stripping peak current densities (jp) of 20 ng mL -1 copper, lead and bismuth with pH. Experimental conditions: 4 μM thymolphthalexone and 80 s accumulation time at -800 mV. Fig. 4 Variation of desirability function and cathodic stripping peak current densities (jp) of 20 ng mL -1 copper, lead and bismuth with accumulation potential at pH 9.0. Other conditions as in Fig. 2. higher concentrations. The peak current for Pb-TPN complex increased up to TPN concentration of 1 μmol L -1 and then shows only slight changes as the ligand concentration is increased. As can be seen, the desirability function reaches its maximum at 4.0 μmol L -1 . Consequently an optimum TPN concentration of 4.0 μmol L -1 was selected for the next experiments. Figure 6 shows plots of the cathodic peak currents in differential pulse voltammetry versus accumulation time for copper, bismuth and lead complexes. In the figure the global desirability function is also shown. At first, peak currents and the desirability function increased with accumulation time up to 80 s, indicating that, before adsorptive equilibrium was reached, the longer the accumulation time, the more metal-TPN was adsorbed, and thus the peak currents became larger. However, after a specific period of accumulation time, the Derringer function and peak currents tend to level off, illustrating that adsorptive equilibrium was achieved. The accumulation time of 80 s was chosen as an optimum time for further experiments.
Effect of accumulation time
Figures of merit Linear range and detection limit of the method. To verify the linear relationship between peak currents and metal concentrations, six calibration graphs were constructed under optimum conditions and after 80 s accumulation time. The calibration graphs were established for copper, bismuth and lead separately and in the presence of each other. The results of these studies are shown in Table 1 . The detection limits (3σ) 36 of 0.4, 0.8 and 0.7 ng mL -1 were obtained for copper, bismuth and lead, respectively. Interference studies. Possible interference by other metals with the cathodic adsorptive stripping voltammetry of copper, bismuth and lead was investigated by addition of the interfering ion to a solution containing 20.0 ng mL -1 of these metals under optimized conditions. The results of this study are summarized in Table 2 . We can conclude that the method is free from interferences of most common foreign ions. The tolerance limit was defined as the concentration of interfering ions which decreased the reduction peak of the concerned ion up to 10% of its initial amount. Analytical applications. The proposed method was successfully applied to the simultaneous determination of copper, bismuth and lead in tap-water (Table 3) samples and in some synthetic reported solder alloys (Table 4) . 37 The standard addition method was used, in order to eliminate the matrix effect. The data obtained for samples spiked with known amounts of copper, bismuth and lead showed good recoveries (Tables 3 and 4) .
Conclusion
The present study demonstrates that the adsorptive stripping analysis of copper, bismuth and lead in the presence of thymolphthalexone is an excellent method for simultaneous determination of trace amounts of these three cations. The presented system provides a wide linear dynamic range for determination of Cu 2+ , Bi 3+ and Pb 2+ in the presence of each other. Therefore the presented system offers a practical method for the simultaneous determination of copper, bismuth and lead, that has advantages of high sensitivity, high selectivity, simplicity and speed.
In addition in this work we showed that application of a multicriteria optimization method that was proposed by Derringer and Suich can be useful for optimization procedures which usually apply in adsorptive stripping methods.
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Other conditions as in Fig. 3 . 
